Many researchers nowadays concentrate on nanocrystalline metal-matrix composites, as well as on composites reinforced by nanoparticles, to find more suited materials to be used in aviation, nuclear power plants or as a hydrogen storage for fuel cells. The aim of this paper was to investigate the possibility of producing nanocrystalline nickel-based composite coatings reinforced by carbon nanotubes (Ni-CNT). The goal was to obtain well immersed carbon nanotubes fully dispersed in nanocrystalline nickel matrix by using standard electrochemical deposition equipment and modify the process by changing parameters like bath composition, additives, nanotubes content or stirring method. The effect of optimization of these parameters on composite's microstructure, surface topography and nanohardness was investigated. Also, usefulness of different approach, so called "stirring electrode" was examined. Scanning electron microscopy, transmission electron microscopy with electron diffraction, X-ray diffraction and Raman spectroscopy were used to determine the microstructure of obtained coatings.
INTRODUCTION
Many researchers are now focusing on the development of the composites with nanocrystalline metal matrix and composites reinforced by the nanoparticles [1÷3] . Since the discovery of carbon nanotubes [4] an intensive work has been done in attempt to exploit their properties, and tries has been made to include them as a reinforcement of nanocomposites [5÷7] . Composites like that are used in aerospace, nuclear energy and as the storage of hydrogen in fuel cells [5] . An example of such a material is a nanocrystalline nickel matrix based nanocomposite reinforced by carbon nanotubes (Ni/CNTs). They are currently attempts to produce this type of material in the form of geometric solids with significant volumes, such as a few millimeters thickness of the plate. The use of an electrochemical deposition method made it possible to obtain a nanocomposite Ni/ CNTs using standard, relatively simple devices, with relatively low costs of adapting the classical electrochemical methods and with the possibility of producing complexly shaped parts while maintaining very good control of the microstructure. One of the key issues of the preparation of such materials is to obtain a structure of carbon nanotubes well dispersed in a matrix of nanocrystalline nickel. The major global trends are attempts to modify the manufacturing processes by changing parameters such as bath composition, the content of carbon nanotubes, current density, speed of mechanical stirring, or the use of different technological solutions, such as ultrasonic agitation. Particularly noteworthy are the studies on the influence of the surface condition of the nanotubes on their susceptibility to incorporation into the matrix and disperse in it. First issue is that carbon nanotubes have a very high surface energy, which causes their tangling and forming of bundles, which are not able to diffuse within the electrodeposition bath and tend to incorporate as large clusters, leaving large areas of the matrix undoped. The second is the chemical inertness of the carbon nanotubes, and as a result formation of a weak interface with the metal matrix. This also has an adverse effect on susceptibility to disperse. Surface modification of carbon nanotubes before adding them to the electrodeposition bath seems therefore crucial. Many ongoing research is focused on surface functionalization of the nanotubes with respect to their use in the manufacturing of composite materials [8] . Part of the methods is based on changing the chemical structure of nanotubes by immersion in the solutions of aggressive, inorganic, oxidizing acids and attaching a hydroxy, carboxy, or carbonyl groups, which later in the process of electrodeposition give a negative ion character to a nanotube. These methods, however, significantly alter the properties of the nanotubes. Other methods include using of organic surfactants, both anionic and cationic [8÷10], using various forms of mechanical assistance, like ultrasonic agitation or a temporary mixing in non-polar solvents. But there is no consensus in the literature as to the impact and effectiveness of various ways of modifying the susceptibility of nanotubes dispersion and, consequently, on the microstructure and properties of the composite [8÷14]. None of these methods does produce a large, swept improvement of composite properties and uniformity of structure. In this work, the materials were obtained by using a cationic surfactant. Also, the impact of such parameters like the content of carbon nanotubes in the bath and type of mechanical stirring was examined.
EXPERIMENTAL METHODS
The composite layers of nanocrystalline nickel matrix reinforced with nanotubes were produced on a copper substrate by the electrochemical reduction in a Watts bath with the composition: 300 g/l NiSO 4 •6H 2 O, 40 g/l NiCl 2 •6H 2 O, 35 g/l H 3 BO 3 . The bath was modified with the addition of saccharin, and a cationic surfactant. Processes were carried out at a temperature 45°C and at pH 4.2±0.2 with 3 A/dm 2 current density in the baths with variable carbon nanotubes content from 0.1 to 1 g/dm 3 . The bath was subjected to mechanical stirring at a speed of 500 rpm and stirred ultrasonically as well in order to improve transport of carbon nanotubes in the areas close to the cathode. While stirring electrode approach was examined, the rotation speed was of 50 rpm.
The analysis of the microstructure of the composite coating of Ni/CNTs was carried out using a Hitachi SU-70 scanning electron microscope (SEM) and a JEOL JEM 1200 EX II transmission electron microscope (TEM). Raman spectra were obtained using a Bruker Senter Raman microscope, with a green laser (λ = 532 nm) in order to determine the presence of carbon nanotubes in produced coatings. The nanohardness of the obtained coatings was evaluated on a CSM Instruments Nanoindenter with Berkovich type diamond tip using the Oliver & Pharr approach.
The phase composition of the deposited coatings was examined by X-ray diffraction (XRD) using a Rigaku MiniFlex II diffractometer (λ = 0.154 nm). XRD studies made it possible to determine the crystallite size and lattice strain by means of the Williamson-Hall approach . It was assumed that broadening of the diffraction lines β D related to the structure refinement is given by the Scherrer equation: β D = kλ/Dcosθ, where: λ -wavelength of radiation applied, nm, Dcrystallite size in the direction perpendicular to (hkl), nm, θ -Bragg angle, rad, k -constant, usually taken as 1. On the other hand, the broadening of the diffraction lines β e related to lattice strain is given by the Wilson equation: β e = 4e•tgθ, where: e -lattice strain, θ -Bragg angle, rad. Therefore, total broadening of the diffraction line is a sum of both contributions: β = kλ/Dcosθ + 4e•tgθ. In order to calculate physical broadening β of the diffraction line, instrumental broadening b is subtracted from the experimental width (FWHM) of the diffraction line B. Therefore, β = B -b. Instrumental broadening b has been determined using Si standard. By plotting βcosθ as a function of sinθ for all available diffraction lines of the studied phase, lattice strain e can be calculated from the slope, while the axes reciprocal of crystallite size D can be calculated from the interception with Y. Figure 1 shows the results of observations of the surface of nanonickel and composite coatings produced in the processes of electrochemical deposition. The carbon nanotubes being embedded in the nickel (Fig. 1a) . Compact nanotube content in the bath -0.1 and 0.2 g/l allows for a very good dispersion of the nanotubes in the matrix. The beneficial effect of using the cationic surfactant is therefore confimed. Individual nanotubes in the matrix are shown in Figures 1b and 1c . The coating produced in a bath with a high proportion of carbon nanotubes -1 g/l is optically homogeneous and smooth (Fig. 1d) . However, traces of carbon nanotubes may only be observed in large globular clusters, in which all embedded nanotubes agglomerate. Nanotubes cannot be observed dispersed evenly in the matrix. Even greater agglomeration and also the largest surface development could be observed in the case of Ni/CNTs composite layers produced using a rotating electrode which is caused by pressure and flow variations near the sample during the electrodeposition process.
RESULTS AND DISCUSSION
Analyzing the Raman spectra of obtained materials (Fig. 2) one can see that the intensity peaks characteristic for carbon nanotubes are weakened and slightly shifted due to the presence of the nanocrystalline nickel matrix. These peaks are significantly lower for a coating formed from bath containing 1 g/l of nanotubes, which allows a presumption that, in the given conditions of performing the processes of deposition, a high content of carbon nanotubes in the bath causes the impediment to the incorporation of the reinforcement in the matrix. These observations are made of course for large plain areas of samples, where, as it can be assumed, the homogenous material is produced. In these areas it was confirmed by Raman spectroscopy that traces of CNTs patterns can clearly be found for 0.1 and 0.2 g/l CNT concentration in the bath, but it a) c)
is not explicit after that. Examining of surface bundles exhibited patterns of CNTs in every case. Lack of embedding of the carbon nanotubes from higher then 0.2 g/l CNT concentration in the bath was confirmed by nanohardness test results. Embedding of the carbon nanotubes should increase the hardness of the coating material with presumption of good interface between CNT and the nickel matrix obtained by addition of cationic surfactant. Nanohardness test results for obtained layers show slightly increased mechanical properties for 0.1 g/l CNT concentration in bath, with noticeable deterioration after that value (Fig. 3) . Layers produced on rotating electrode demonstrate lower nanohardness compared to all the composite layers, regardless of the agitation method used or other parameters applied. It confirmed that using the stirring electrode approach in adopted configuration turned out to be insufficient and unbeneficial.
Significant broadening of peaks in the X-ray diffraction patterns (Fig. 4a) indicates nanocrystallinity of the obtained coatings. Diffraction lines of carbon nanotubes are not registered due to the very low content of this phase in the material. The evidence of texture of nanocrystalline nickel coating is presented, as the (200) line intensity is much higher than (111). However, directional crystallite growth effect does not occur in the material when reinforced by nanotubes. Figure 4b shows an example of a Williamson-Hall plot for nanocrystalline Ni in composite layers. All available diffraction lines of Ni have been taken into account in the calculations. The obtained results confirm a similar level of lattice strain in every sample, given by similar slope and, simultaneously, smaller Ni crystallite size for the samples containing CNTs. Average crystallite size and lattice strain calculated according to Williamson-Hall are given in Table 1 .
CNTs used in this experiment were mostly thickwall character, with diameter between 20 and 30 nm (Fig. 5a and 5b) . They formed characteristic bundles (Fig. 5c) , which was important issue to tackle for ability to obtain composite with well dispersed reinforcement of CNTs and was one of reasons for cationic surfactant usage. The amorphous-nanocrystalline-like nature of CNTs occurs their in electron diffraction analysis (Fig. 5d) , confirming their nanometric dimensions. The brightening over central spot suggesting amorphousness is probably from diffraction on preparation membrane. Examination by transmission electron microscope confirmed nanocrystallinity of obtained materials. Typical nickel nanostructure image is shown in Figure 6a , with grain size varying between 10 and 60 nm. Grain boundaries are not very clearly visible. In all the examined materials, the existence of defects in the structure is observed, like twinned grains and subgrain fragmentation. The dark field imaging shows fragmentation of nanocrystalline grains into subgrains (Fig. 6b) . Some larger grains have distinct shapes and clearer boundaries. These grains shows as brighter and bigger spots on otherwise exemplary for very small-size nanostructure diffraction pattern (Fig. 6c) . Characteristic elongated thin strands of a periodic nature can be observed in the nanocrystalline nickel matrix of the composite coating produced from a bath containing CNTs -0.2 g/l ( Fig. 6d and e) . They are most likely well dispersed multi-walled carbon nanotubes having good interface with the nickel matrix.
Composite grains are more defected, but due to their smaller size the nature of defect cannot be determined. It is assumed however, that they are of the same character as in undoped nanocrystalline nickel. The nanocrystalline structure of nickel is dominant, and therefore separate reflection rings on electron diffraction patterns originating from CNTs are not observed, however typical shape of elongated diffraction spots can be seen, confirming the presence of periodic objects in nanocrystalline matrix (Fig. 6f) . The good quality of the matrix-CNTs connection can be assessed also in Figure 7a , where the end of the carbon nanotube can be observed embedded in nickel coating, which remained undamaged during the electrochemical sample preparation. Figure 7b shows that same thickwall nanotube as well embedded in the matrix. One can assume that good CNTnickel matrix interface is created among the others due to using cationic surfactant.
CONCLUSIONS
It is possible to produce nanocrystalline Ni-CNTs coating using standard electrodeposition method and equipment. There seems to exist a set of optimal parameters to produce the coatings as it goes for temperature, pH and deposition current density, but especially for CNTs concentration in the bath.
In given conditions the border value for CNTs concentration in the bath occurs at low 0.2 g/l. To that value CNTs are well dispersed in the matrix and form good interface, even slightly increasing mechanical properties at 0.1 g/l. CNTs concentration beyond 0.2 g/l causes their deposition only in bundles and decrease the mechanical properties.
Using of cationic surfactant was proven beneficial for both susceptibility to disperse CNTs in bath and for creating their good interface with the matrix.
Rotating electrode method was found unserviceable in given conditions, probably due to significantly larger inertness of CNTs in comparison to Ni ions, which causes nanotubes to embed themselves only in the form of large agglomerates. 
